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Cross polarized wave generation (XPW) is an effect that occurs in crystals that have an
asymmetric third-order nonlinear susceptibility. Because of the cubic intensity dependence
of the conversion efficiency, the XPW pulse is shorter in time than the input pulse. For
well-compressed pulses, the XPW spectrum will be broader and the temporal profile is
cleaner, with better contrast between the pulse peak and the low-intensity background.
Shorter, cleaner pulses are desirable for many applications. An example of an application
for cleaner pulses like this is for experiments where high intensity pulses hit solid targets.
Having better intensity contrast between the pre-pulse and the main pulse allows the main
pulse to interact with the unexpanded, high density plasma.
In this thesis, a novel method is developed to improve conversion efficiency that should
also provide better quality spatial modes than previous methods. An optical system was
demonstrated where the pulse is relay-imaged from the crystal to itself for multiple passes.
This system allows for efficient conversion of low intensity pulses (low energy or long
duration). Also, since chirped mirrors can be placed in the setup, the pulse can be more
efficiently compressed to short duration. Conversion efficiencies as good as some previous
improvement methods are achieved while using uncoated crystals, with quality output
mode shapes. Using anti-reflection coated crystals with this new multiple pass setup will
likely lead to significant improvement in conversion efficiencies. This method will be
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Nonlinear optics is a subdivision of the general field of optical physics. In linear optics,
effects from interactions with light follow a predictable linear behavior. Linear optics
describes how incoherent and coherent low intensity light interacts with matter[1]. High
power continuous wave (CW) and pulsed lasers are capable of producing light with very
high intensities. When the beam is focused, these intensities can be strong enough to
change the optical properties of the medium they pass through. These changes depend on
the applied optical field in a nonlinear fashion[1]. This leads to the term nonlinear optics to
describe these types of optical processes. The most common nonlinear processes are second
order and third order processes, which depend on the square and the cube of the applied
field intensities respectively[1]. One of the more common second order processes is second
harmonic generation (SHG), and its discovery in 1961 by Franken et al. is generally taken
to be the beginning of the field of nonlinear optics[1]. Cross polarized wave generation, also
known as XPW, is an example of a third order process and is the focus of this thesis.
XPW was first found by Minkovski et al. where XPW was originally thought to be a
polarization rotation, since what appeared to be a polarization rotation around the optical
axis of YVO4 was observed[2]. However, this was not quite correct and XPW is actually a
more complex nonlinear optical process that will convert a portion of an input polarization
to the orthogonal polarization[3]. XPW generation is a third order process that is a
frequency degenerate four-wave mixing due to χ(3) asymmetry[4, 5]. When the intense
fundamental beam passes through the crystal, the strong, linearly polarized field forces the
bound electrons to oscillate with large amplitude. Because of the third order asymmetry,
these bound electrons will have a component of their motion that is orthogonal to the
driving field. This generates a wave that has a polarization state orthogonal to the
1
fundamental polarization.
The most common crystals used for XPW generation are barium fluoride (BaF2) and
yttrium vanadate (YVO4)[6]. There are also two different types of crystal cuts, the
holographic [011] cut and the Z [001] cut[6]. YVO4 has a higher strength of nonlinearity,
but since it is also birefringent it is not as commonly used since careful alignment is
required to make sure the orthogonal polarization comes only from XPW. The holographic
cut has a slightly higher nonlinearity than the Z cut, and is somewhat less sensitive to
crystal rotation under saturating conditions[6]. Because of the cubic dependence of the
XPW signal on the fundamental, the generation process strongly favors the portions of the
beam that are at the highest intensity. As such, the XPW process can act as a sort of
spatial filter. The lower energy part of a fundamental pulse will not convert to XPW as
easily, and since this is usually the part of a pulse that is most non-Gaussian, the resulting
XPW pulse will have a cleaner and more Gaussian shape. In the time domain, the
corresponding effect is to convert more at the pulse peak than the leading and trailing
edges, making the pulse shorter. If the input pulse is well compressed, the XPW signal is
spectrally broadened. Since a Gaussian function raised to the third power has a
characteristic width that is smaller by
√
3, if the pulse and focal spot are Gaussian, there is
a decrease in widths in both time and space by a factor of
√
3[3, 4].
These attributes of having a shorter pulse with more power and a cleaner shape make
XPW generation attractive to use for preparing high quality pulses for other experiments.
XPW generation is already being used to help in many high-power laser systems. For
example, an XPW generation stage has been implemented in a project to generate
multi-petawatt laser pulses with high contrast between the peak of the pulse and the
low-intensity amplified spontaneous emission background that is present in laser amplifiers
[7]. XPW generation has been used in conjunction with spectral broadening in a hollow
core fiber to act as a temporal cleaning device to enhance the temporal contrast of
femtosecond pulses[8]. Using this method, they were able to achieve 14.5% conversion
2
efficiency which helped lead to 15 fs pulses[8]. As an example of a high power system, a
group in South Korea used an XPW stage to temporally clean and spectrally broaden the
pulse to give approximately 20 fs pulse durations with 83 J leading to 4.2 PW pulses[7].
The XPW stage was implemented after a frontend amplifier that amplified the output of
the oscillator[7]. After the XPW stage the pulse was sent to a stretcher before going into
an extensive amplification system before being recompressed[7]. Using the XPW stage, the
temporal contrast was enhanced by four orders of magnitude to 3× 10−12[7].
The main procedure for XPW generation is to place a crystal at the focus of a beam
and rotate the crystal to find a maximum in the XPW generation due to the geometry of
the lattice structure of the crystal[3, 6]. However due to other non-linear effects such as
self-focusing and phase modulation, XPW conversion is limited to about 10-12% of the
fundamental in a single pass[5]. A few methods have been tested and proposed to increase
the conversion efficiency to make XPW generation more useful and practical. One is to use
a double crystal setup where the beam passes through two thin crystals separated by some
distance[5]. Another setup uses one crystal but re-images the beam back into the crystal
for a second pass, instead of using two crystals[3]. The second method has the advantage of
being able to adjust the beam size in the crystal for the fundamental and XPW for the
second pass which leads to better mode shapes[3]. These two methods have been shown to
improve XPW conversion efficiency to between 20-38%[3, 5, 6]. The thesis with the latter
method also included a suggestion that a multi-pass setup with a single crystal could
improve conversion efficiencies even more while giving good mode shapes[3].
In this thesis work, single crystal XPW generation and double crystal XPW generation
were investigated, recreating previous work to gain familiarity with XPW generation. The
primary goal of this project was to construct a multipass cavity for use with XPW
generation. To accomplish this, a cavity that can re-image a beam to the same spot
multiple times was needed. Cavities that can do this are sometimes found in power
amplification systems, and the design for one of those cavities has been slightly modified
3
where the gain crystal was replaced with a holographic cut ([011]) barium fluoride crystal
for XPW generation. This multipass system has the potential for achieving high conversion
efficiency for low peak power pulses. With the addition of chirped mirrors in the cavity, the
multipass system can be used to generate pulses much shorter than the input since the
pulses can get progressively shorter on each pass.
4
CHAPTER 2
CROSS POLARIZED WAVE GENERATION THEORY
In conventional optics the properties of a material that dictate how light will behave
when it interacts with that material are independent of intensity. This ensures that the
driving optical field will produce a linear response from the interaction. At high intensities,
the response of the material depends on the strength of the field in a nonlinear fashion
giving rise to nonlinear optics[1]. The process of XPW generation is a third order nonlinear
process. This chapter will give some background on nonlinear optics to give some context
to what that means. It will then also give a description of the XPW generation process.
2.1 Introductory Nonlinear Optics
A useful way to help understand nonlinear optics is through a description using the
wave equation. We will start with Maxwell’s equations and work towards a non-linear
version of the wave equation for an anisotropic medium. Beginning with Maxwell’s
equations:
∇ ·D = 0 (2.1a)
∇ ·B = 0 (2.1b)








D = ǫ0E+P (2.2)
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We take the curl of 2.1c giving,
∇× (∇× E) = − ∂
∂t
(∇×B) (2.3)
We can use the identity ∇× (∇×E) = ∇(∇ ·E)−∇2E to help simplify the left hand side.
When the medium does not have spatial gradients, ∇ ·D = ǫ∇ · E = 0, so the ∇ · E term





















The polarization of the medium P can be defined as
P = ǫ0χE (2.6)
and expanded in a Taylor series with respect to the field as
P = ǫ0[χ
(1)E+ χ(2)E2 + χ(3)E3 + ...] (2.7)
to account for higher order nonlinear effects. χ(1) is the linear susceptibility and χ(2) and
χ(3) are the second and third order susceptibilities. The ǫ0χ
(2)E2 and ǫ0χ
(3)E3 give the
higher order nonlinear polarizations. P can be rearranged to separate the linear and
nonlinear polarizations as
P = P(1) +PNL (2.8)
where the linear polarization P(1) and nonlinear polarization PNL are
P(1) = ǫ0χ
(1)E (2.9)




Substituting these and putting 2.8 and 2.7 into 2.5 will yield the nonlinear version of












Using 2.2 and 2.6, we can identify the linear portion of the displacement vector as














which is the nonlinear inhomogeneous wave equation for an isotropic medium. For an













where the repeated indices on the left hand side implies a sum over the index j. That term
accounts for any birefringence in the medium. In general, a third-order nonlinear
polarization can result from a combination of different driving frequencies, but for XPW we
are interested in the degenerate process, where the output central frequency is the same as
the input. For the case of degenerate frequencies is





ijkl (ω = ω + ω − ω)Ej (ω)Ek (ω)El (−ω) (2.15)
Since the negative frequency is like a complex conjugate, this can be written in a more
compact form




where again there is an implied sum over repeated indices.
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2.2 XPW Theory
For the case of XPW generation in a linearly isotropic crystal like BaF2, we can











where we are assuming exp[−iωt] time dependence of the fields. While the left hand side of
this nonlinear wave equation is simpler because the crystal is not birefringent, the right
hand term still contains a sum over all possible combinations of the driving fields.
The full set of XPW interaction terms include all combinations of degenerate nonlinear
effects such as self phase modulation (SPM) and cross phase modulation (XPM) in
addition to XPW generation[3]. For a linearly polarized input beam amplitude a, the
process that converts it to an orthogonally polarized beam b has been described in the















These are coupled nonlinear equations. In 2.18, the first term is SPM, the fourth is
XPM of wave a by wave b, and the sixth is an XPW process that leads to back conversion
from wave b to wave a[3]. In 2.19 the first term is XPW generation for from wave a to wave
b, the third is XPM of wave b by wave a, and the sixth is SPM[3]. The remaining terms are
other four wave mixing combinations. All these terms must be included when saturated
conversion is modeled[3]. For very simple modeling of non-depleted conversion where
|a| >> |b|, we can just use a reduced form of 2.19:
∂zb = iγ2a
2a∗ (2.20)
The γi terms control the strength of each term as a function of the χ
(3) asymmetry
parameter σ and the crystal rotation angle β[3, 10]. Using the tensor form of χ(3), σ is
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defined as







The γi terms are different for different types of crystal cuts. The γi terms for two types of
cuts, the holographic cut [011] and the z-cut [001], were found by Canova et al. in [6]. Here
they are given in the same form as given by Dr. Iliev in [3]. In the γi terms, γ0 is defined to
be equal to 6πχ
(3)
































































































The γ2 and γ4 coefficients control the process of XPW generation[10]. The XPW field of
interest, b, depends on the cube of the fundamental field, a, and γ2. With the γ2
dependence, there also comes angular dependence based on β[3]. Plotting γ22 against all
possible angles of β shows how XPW generation will depend on the rotation of the crystal
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since γ22 is proportional to the intensity of the generated XPW signal. For z cut [001]
crystals, there are four equal sized peaks [3], with zeroes at 0◦, 45◦, 90◦, 135◦, and 180◦[6].
For holographic cut crystals, there are two large peaks and two small peaks in the plot that
alternate [3], with zeroes at 0◦, 35.3◦, 90◦, 144.7◦, and 180◦[6]. Plots of γ22 for holographic







γ22 XPW Signal vs. Holographic Crystal Rotation
(a) Plot of γ2
2







γ22 XPW Signal vs. Z Crystal Rotation
(b) Plot of γ2
2
for z cut crystals
Figure 2.1 The plots of γ22 for holographic cut crystals (a) and γ
2
2 for z cut crystals (b). The
holographic cut shows two large peaks alternating with two small peaks. The z cut shows
four equal sized peaks.
Other important effects of the XPW generation process is that for a pulsed Gaussian
input the beam is spatially smaller by a factor of
√
3, as well as shorter in time also by a
factor of
√
3 due to spectral broadening[3, 4]. These qualities of the XPW signal are of
great interest for applications in pulse cleaning and pulse compression, which can be




Cross polarized wave (XPW) generation has been a topic of interest for approximately
15 years. As such, there have been numerous experiments with XPW generation before
this thesis. Some of these experiments and their results will be summarized in this chapter.
Originally, XPW conversion efficiency had been fairly low [5], but some experiments have
made good progress in improving the conversion efficiency and in scaling up the input
power.
3.1 Single Crystal Experiments
The earliest XPW generation methods only used one crystal, and were only able to
achieve about 10-12% conversion efficiencies[5]. In one experiment, XPW generation was
used to improve temporal contrast in femtosecond laser pulses[11]. In their XPW setup, an
oscillator and amplification system produced a pulse that was then linearly polarized.
Using a f = 3m focal length lens the pulse was focused to a nonlinear crystal. The
nonlinear crystal used was a 2mm thick BaF2 crystal. The distance of the crystal after the
focus was varied to achieve the desired intensity. After rotating the crystal to an optimized
angle, the XPW signal was transmitted through a polarization analyzer to be measured.
Using this setup with an input energy of 1.2 mJ the group was able to produce an XPW
signal with 120 µJ, giving a conversion efficiency of 10%[11]. Changing the input energy to
150 µJ and the f = 3m focal length lens to a f = 1m focal length lens still resulted in 10%
conversion efficiency[11].
Another group, Canova et al., working with XPW shows that crystals with the
holographic cut ([011] cut) are somewhat better for XPW generation than Z cut crystals
([001] cut)[6]. This is because the asymmetry parameter that enters into the nonlinear
coefficients is slightly higher. The pulses were again focused onto a 2mm thick crystal BaF2
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crystal using a f = .5m lens. They achieved a slightly better 11.4% percent conversion
efficiency for the [011] cut crystal, while the [001] cut crystal only achieved a conversion
efficiency of about 10%[6]. They also explore XPW generation’s dependence on the
crystal’s angle of rotation. In [011] cut crystals they show that there is a pattern of XPW
generation maximums with two small maxima followed by two large maxima, with zero
conversion at crystal rotation angles of 0◦, 35.3◦, 90◦, 144.7◦, and 180◦[6]. In [001] crystals,
it is shown that there are four equal sized peaks with zeros at 0◦, 45◦, 90◦,135◦, and 180◦[6].
Dr. Marin Iliev also did a brief experiment with a single crystal to characterize its
behavior before moving onto more complicated experiments in his thesis. Using a f = 1.5m
focal length mirror, the polarized output pulses are focused onto a 0.5 mm thick BaF2
crystal[3]. From there they pass through a calcite polarizer orthogonal to the fundamental
beam so that the XPW signal will pass through. Using input energies of 28.5 µJ and 47.5
µJ, conversion efficiencies of 3.5% and 8.4% respectively were obtained.[3] Dr. Iliev also
shows the pattern of XPW dependence on rotation in [011] cut crystals that results in two
large XPW peaks and two small peaks with zeros at the same angles mentioned previously
from Canova et al. for XPW rotation dependence.[3, 6] He also shows the four equal size
peaks for XPW generation dependence on rotation angle for the [001] cut, again with zeros
that match with what Canova et al. found[3, 6].
3.2 Double Crystal Experiments
Later, a new method for XPW generation was found that significantly improved the
conversion efficiency of the process[3, 5, 6, 12]. The new method involved using two thinner
crystals instead of one longer crystal[3, 5, 6, 12]. This setup is advantageous as the
fundamental beam needs more time in the crystal to generate XPW, but the longer crystal
length also leads to self-focusing and continuum generation which actually decrease the
amount of XPW generation, so splitting the crystal into two smaller crystals allows for
management of self focusing and continuum generation in the crystal[3, 5]. By placing a
second crystal a distance away from the first crystal, the beam is allowed to expand again
12
some after the self focusing in the first crystal which will prevent the high intensity effects
due to self focusing that limit XPW conversion. In one of the first double crystal
experiments, a pulsed laser beam was sent through a polarizer and a f = 1500mm lens.
The first crystal (BaF2) was placed beyond the focal point to avoid damage. The second
crystal (also BaF2) was placed at a variable distance downstream from the first. Another
f = 1500mm lens was used to re-collimate the beam before it passed through another
polarizer to separate the fundamental input beam and the XPW beam[12]. Using a 310 fs
pulse with input energies ranging from 200 µJ to 1 mJ, the highest conversion efficiency
found was 22% with an input energy of 850 µJ[12]. This is a significant increase over single
crystal XPW conversion, and it was found that the pulse was a factor of
√
3 shorter in time
as predicted[12].
Another double crystal experiment was more rigorous and went into more detail on the
setup. In this experiment, the two z cut [001] BaF2 crystals were placed between two
crossed polarizers, with the first crystal placed at the waist of the focusing lens[5]. The
second crystal was then placed a certain distance behind the first, and that distance was
varied to find the optimal separation[5]. In addition to different distances being tested,
different input energies and crystal thicknesses were tested. With two 1 mm thick crystals
the maximum conversion efficiency was 18.5% when separated by 75 mm, as compared to a
single 2mm thick crystal that only achieved 12% conversion at its most efficient[5].
However, when using two 2 mm thick crystal separated by 65 mm, the conversion efficiency
was improved to 20%, even though uncoated crystals were used[5].
Canova et al. also performed a double crystal experiment. Since they found that the
holographic cut ([011]) crystals performed better in XPW conversion with a single crystal,
holographic cut crystals were used in the double crystal experiment[6]. Two 2 mm thick
BaF2 crystals were placed at a distance apart of about 50 cm in a vacuum chamber[6]. A 7
mm diameter beam with an input energy of 190µJ was focused using a f = 5m lens[6].
With this setup, a XPW conversion efficiency of 29% was achieved, the highest seen for a
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double crystal setup at the time[6].
In his thesis, Dr. Iliev extends his single crystal experiments into a double crystal
experiment. The setup begins with the first crystal from the single crystal experiment
already being optimized[3]. The second crystal was first placed at the maximum separation
used, to avoid the self focusing from the first crystal damaging the second[3]. The second
crystal’s rotation was optimized for maximum XPW conversion, and the conversion
efficiency is tested for different input energies and different crystal separation distances.
For an input energy of 26 µJ, the conversion efficiency maxes out at about 20% with a
crystal separation of about 3 cm[3]. With an input energy of 44 µJ, a maximum efficiency
of about 36% is achieved at a separation distance of about 5.5 cm[3]. Theoretically though
the conversion efficiency should peak at about 45% with a crystal separation of about 3.5
cm, but due to the self focusing from the first crystal the beam would be too intense in the
second crystal at separations shorter than the 5.5 cm and cause white light generation in
the second crystal both decreasing the XPW conversion efficiency and potentially
damaging the second crystal[3]. As such, data was not taken at shorter separations.
Though the double crystal setup yields good conversion efficiencies, it also leads to poorer
mode shapes[3]. The near-field XPW signal was measured, and found to have a flat top
shape which will lead to a ring structure in the far field[3]. If XPW generation is to be
used for generating high quality pulses, both temporally and spatially, this far field ring
structure is not desirable in most applications. Other methods will be needed to maintain
quality mode shapes while simultaneously yielding high conversion efficiencies if XPW
generation is to be used to prepare high quality pulses. Methods for this are described and
proposed in the next section.
3.3 Other Experiments
In this section, other work done with XPW generation that does not fall into the
categories of a simple single crystal setup or double crystal setup is discussed. The latter
method to be discussed is one to improve the quality of the beam’s spatial modes while
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still maintaining high conversion efficiency.
3.3.1 XPW Generation with a Super-Gaussian Beam
Another experiment looks at using an input pulse with a flat top super-Gaussian spatial
profile in a single crystal setup[13]. The laser used in the experiments produced 25 fs
pulses, and the laser amplifier was pumped with a spatially flat top beam that leads to the
amplified output pulses having a similar super-Gaussian shape[13]. The beam then follows
a typical XPW experiment setup. The beam is polarized then focused using a f = 2 m lens
onto a 2 mm thick holographic cut [011] BaF2 crystal[13]. The crystal is also placed under
vacuum, along with a 500 µm diameter filtering hole placed in front of the crystal to
further ensure that the input beam is super-Gaussian[13]. Using this super-Gaussian input
beam, a maximum XPW conversion efficiency of 28% was achieved[13]. This high efficiency
is due to the super-Gaussian shape which limits self focusing and self phase modulation,
which are both causes of decreased XPW conversion efficiency[13]. While this efficiency is
very high for a single crystal experiment, there are some concerns. Since a flat top
super-Gaussian is used as the input, the XPW may also take on a flat top shape. It is
shown in Reference [3] that XPW with a spatial flat top profile can lead to ring structures
in the far field, which indicates that the XPW generated with this method may also posses
ring structures in the far field making this conversion method not ideal for producing XPW
with quality spatial profiles.
3.3.2 XPW Generation with Re-Imaged Double Pass
A novel method for XPW generation is presented in Dr. Iliev’s thesis. Using a curved
mirror and a single crystal, the first pass of the beam is re-imaged back to the crystal for a
second pass[3]. This setup allows for more control over beam size in the crystal on the
second pass and limits the nonlinear self focusing and continuum generation that are
detrimental to XPW generation[3]. Since the beam is re-imaged for the second pass, it
should have similar properties the second time it enters the crystal, which results in much
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better XPW output beam mode quality. Used in the experiments were polarized 55
femtosecond pulses with 44 µJ of input energy, focused onto a .5 mm thick BaF2
holographic [011] cut crystal with a f = 1.5m lens[3]. Different focal length spherical
mirrors were tested when re-imaging the beam back to the crystal for a second pass. For a
f = 5cm mirror, the maximum conversion efficiency was about 34%[3]. For a f = 25cm
mirror, the maximum conversion efficiency was about 38%[3], It is important to note here
that this conversion efficiency is almost identical to the conversion efficiency Dr. Iliev
obtained in his double crystal experiment with the same input energy on the same system.
Both of these conversion efficiencies are very high and very good for XPW. When
comparing the two methods though, the double pass setup does have a significant
advantage over the double crystal setup. As stated previously, the double crystal setup
leads to a flat top spatial profile in the near field which leads to a ring structure in the far
field. This spatial behavior is not good for preparing high quality pulses. This is where the
double pass setup differs and shows its advantages. In the double pass setup, Dr. Iliev
shows that the experimentally measured spatial profile of the XPW signal in the near field
has a very smooth high quality Gaussian shape, which leads to the far field also having a
very nice Gaussian spatial profile[3]. Figure 4.8 in Dr. Iliev’s thesis does a very good job
showing the modes from each method and comparing them. For more detail on the mode
shapes produced it is recommended to look at Dr. Iliev’s thesis, Reference 3, specifically at
Figure 4.8. Since the double pass setup achieves just as high conversion efficiency as the
double crystal, but maintains much better mode qualities in the near and far fields it is a
better option for preparing high quality pulses. Building off of the double pass setup, Dr.
Iliev suggests that a multi-pass setup could be used to achieve better conversion efficiencies
than shown in Reference 5 [3]. The free space propagation between passes can also be used
to adjust the phase difference between the fundamental input polarization and the XPW
signal after the first pass[3]. However, the beam conditions would need to be the same from
pass to pass. A 4f relay imaging cavity would be highly suited to accomplishing this task.
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The design of system for this purpose and the experiments with this system and their
results are discussed in Chapter 5 and Chapter 6.
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CHAPTER 4
RECREATING PREVIOUS XPW EXPERIMENTS
Before beginning construction of a multi-pass cavity, less complex XPW generation
experiments were performed. This allowed for an initial understanding of how XPW
generation worked and for gaining experience working with non-linear optical processes. It
was also helpful to establish a baseline of how well our laser, crystals, and other equipment
performed. This chapter provides a short summary of our laser system that was used for
these initial experiments as well as later experiments, and gives results from our initial
XPW generation investigations with both the single crystal setup and the double crystal
setup.
4.1 High Power kHz Laser System
The laser system used in the experiments in this chapter is the same system that is
used in the experiments in Chapter 6. As such it would be beneficial to give a brief
overview of the system and its operation. The system begins with a Ti:sapphire oscillator.
The oscillator is pumped with a 532 nm Sprout laser. The Sprout pumps the Ti:sapphire
crystal through one of the oscillator cavity mirrors. With the help of two prisms in the
oscillator cavity, the cavity uses Kerr-lens mode locking to lock in a broadband mode.
Typically this broadband mode is centered around 808-810 nm with a FWHM of 45-50
nm. The output of the oscillator is sent to a stretcher to stretch the pulse to avoid burning
optics and inducing unwanted nonlinear effects later when the pulse is amplified. The
stretcher uses a grating to chirp the pulse and induce chromatic dispersion in the stretcher
to temporally lengthen the pulse[14]. From the stretcher, the lengthened pulses are sent to
the regenerative amplifier. A two Pockels-cells system is used in the regenerative amplifier
to select pulses to be amplified, and to hold them in the regenerative amplifier for multiple
passes through the gain medium. The gain crystal is pumped with a 527 nm laser. The
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pulse beam and the pump beam are overlapped in the gain crystal to optimize
amplification. An electronic timing system controls the Pockels-cells and the pump laser to
pick pulses out to amplify and establish a 1 kHz repetition rate for the amplified pulses and
thus the laser system. When the pulse has gained enough energy, the electronic timing
system releases the pulses from the regenerative amplifier. Typically, the output from the
regenerative amplifier is about 1.4 W, or 1.4 mJ per pulse. From there there are two
options. If higher energies are needed, the pulses are sent to a multi-pass amplifier. Using
the geometry of the cavity, the pulse beam is passed through the gain crystal a set number
of times. The gain crystal is housed in a vacuum system and is pumped with a high power
laser, also at 527 nm. The power amplifier will give very high power reaching up to 10 W,
or 10 mJ per pulse. If the pulses do not need extra amplification after the regenerative
amplifier, the multi-pass amplifier is skipped and the pulse beam goes directly to the next
step which is a compressor. This is the case with the laser system operation for all
experiments in this thesis. On the way to the compressor, the beam passes through a
polarizer. By rotating the polarizer the amount of polarized light let through changes. This
is used to control the power output of the laser. The compressor utilizes two gratings to
undo some of the effects of the stretcher. The gratings are mounted on stepper motors that
adjust the spacing between the gratings. By adjusting the spacing, the amount of
re-compression of the pulse can be controlled, thus controlling the pulse duration. After
exiting the compressor, the beam is ready to be sent to experiments and used. The whole
system produces a horizontally polarized pulsed beam with a center wavelength of about
808 nm, a FWHM around 30 nm, with a 1/e2 beam diameter around 6 mm (most recently
5.8 mm), and a pulse duration of about 40-50 fs.
4.2 Single Crystal
To begin with, a single pass through a single crystal of BaF2 0.5 mm thick was used for
XPW generation. A lens was used to focus the fundamental beam to the crystal. A calcite
polarizer is placed after the crystal such that the XPW signal will be transmitted. In our
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case, the output from the laser is horizontally polarized, so the XPW will be vertically
polarized. The polarizer is oriented such that the vertical XPW will be transmitted to the
detectors. With the beam focused on the crystal and the crystal rotation optimized, barely
any XPW was generated. The XPW was still visible with an infrared viewer, but was too
weak to be measured with available power meters due to their lower sensitivity. However,
the XPW signal was strong enough to be picked up by our spectrometers. The input, or
fundamental wave (FW), spectrum before the crystal was measured, as was the XPW
spectrum. The measured spectra are displayed in Figure 4.1 and Figure 4.2.



















1/e2  width: 51.393 nm
Figure 4.1 The FW spectrum from the input to the .5 mm crystal with its 1/e2 width of
51.393 nm.
The full 1/e2 width was chosen to be presented to remain consistent with later sections
of this thesis. In later experiments the measured XPW spectra are not very Gaussian and
the 1/e2 width gives a better representation of how wide those spectra are. Being
consistent in using the 1/e2 width allows for easier and more direct comparisons between
spectra. The XPW spectrum measured 1/e2 width was 10.723 nm wider than the FW
spectrum 1/e2 width, a 1.21% increase.
20



















1/e2  width: 62.116 nm
Figure 4.2 The XPW spectrum from the output of the .5 mm crystal with its 1/e2 width of
62.116 nm.
The 0.5 mm thick BaF2 crystal was not giving consistent results and significant XPW
generation was not able to be achieved with it so a thicker 1mm BaF2 crystal was used for
the next experiment. Besides the different crystal, the setup was mostly the same as
before, except that the compressor on the laser system was optimized better. Spectra of
the FW input and the XPW were collected again. The power output this time was
stronger, and was able to be detected by a power meter. The power meter was used to
record the power of the XPW generated as the crystal was rotated to observe its
dependence on angular rotation. The spectra measured using an input power of 46 mW,
equivalent to an input energy of 46 µJ since the laser system is a 1 kHZ system, are given
in Figure 4.3 and Figure 4.4.
While the fundamental spectrum in this experiment was not as wide as in the 0.5 mm
crystal experiment, it has a better Gaussian shape and still produces an XPW spectrum
almost as wide as the XPW spectrum produced by the .5 mm crystal. The XPW spectrum
1/e2 width for the 1 mm crystal was 13.984 nm wider than the FW spectrum 1/e2 width
used as the input. This is a 1.295% increase in width, a slight improvement over the .5mm
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1/e2  width: 47.434 nm
Figure 4.3 The FW spectrum from the input to the 1 mm crystal with its 1/e2 width of
47.434 nm.



















1/e2  width: 61.418 nm




The last measurement performed with the 1 mm crystal was a measurement of the
XPW produced as the rotation angle of the crystal was changed. This was done by placing
a power meter after the cross-polarizer to detect the power of the XPW signal. The
evolution of this signal in time was recorded, as the crystal (in a rotation mount) was
rotated slowly and as steadily as possible by hand. This provided a fairly constant speed so
the XPW effects evolve smoothly over time and are spaced fairly evenly. The results from
this measurement are in Figure 4.5.




















XPW Power vs Rotation
Figure 4.5 The power of the converted XPW recorded over time as the crystal was rotated
at a mostly constant speed. A clear pattern of two larger peaks followed by two smaller
peaks that repeats is present.
The maximum power recorded during this measurement was 3.496 mW. Given the
input power for this experiment was about 46 mW, this gives a conversion efficiency of
about 7.6%. Typically, single crystal XPW conversion efficiencies are closer to 10-12%.
However, the crystal was not clearly labeled, and it is likely this crystal was not AR coated
as most crystals in the lab were not coated. Reflections from the faces of the crystal were
not taken into account, so the actual conversion is likely a bit higher and close to the
typical conversion efficiencies.
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The XPW power versus rotation over time confirms that XPW generation has a strong
dependence on the rotation of the crystal. There are very clear peaks and dips in the XPW
power at different rotations. Furthermore, there is a clear pattern of two large peaks
alternating with two small peaks. The type of cut of the crystal was not clear, but from
previously seen XPW versus rotation patterns[3, 6], the pattern seen here with alternating
sizes of the two peaks indicates a holographic [011] cut crystal.
To setup for the double crystal experiment in Section 4.3, a single crystal must first be
optimized for XPW generation with the rotation of the crystal and the compression of the
input pulse. Since a different crystal was used again, the results from optimizing the first
crystal are reported here. A 2 mm thick uncoated BaF2 crystal is used. Using an input
energy of 25 µJ (25 mw), the resulting XPW had 2.0 mW of power. This gives an efficiency
of 8.0%.
4.3 Double Crystal
After the optimization of a 2mm uncoated BaF2 crystal as described at the end of
Section 4.2, a second, identical crystal is added to the setup. The spacing between the two
crystals is varied similar to what has been seen before [5] to see the dependence of XPW
generation on the separation distance between the two crystals. Starting with a large
separation distance between the crystals of 26 cm, the second crystal was slowly moved
closer in. At each position the crystal rotation was optimized for maximum XPW
generation. The results of this experiment are presented in Figure 4.6.
With this experiment, a maximum conversion efficiency of 18% is obtained at 6 cm of
separation between the crystals with an input energy of 25 µJ. At distances shorter than
this, the beam began to damage the second crystal. For unknown reasons, there is a large
drop in conversion efficiency at a separation of 13.5 cm. This point seems to be an outlier
as the rest of the data follows a clear trend that is also similar to trends seen previously for
this type of experiment[3, 5]. The maximum conversion efficiency and distance at which it
occurs are also very similar to other results previously seen[3, 5].
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XPW Conversion Efficiency vs. Separation
Figure 4.6 Results from recreating the double crystal experiment in lab. Data could not be
taken at separation distances shorter than 6 cm to prevent damaging the second crystal.
The sudden drop in conversion efficiency at 13.5 cm seems to be an anomaly as there is
a clear trend in the rest of the data that is similar to results from previous double crystal




This chapter is modified from a report submitted in the Spring 2020 Modern Optical
Engineering class for a project on the Zemax OpticStudio design of this cavity.
Dr. Marin Iliev’s thesis discussed previously included a suggestion that multi-pass setup
with a single crystal could improve conversion efficiencies even more, while maintaining
quality mode shapes[3]. Developing a multi-pass setup to accomplish this is one of the
highlights of this thesis. To increase XPW generation conversion efficiencies, a cavity that
can re-image a beam to the same spot size and location multiple times is needed. Cavities
that can do this are found in power amplification systems, like on our laser system in lab,
and the design for one of these cavities has been slightly modified, with the gain crystal
being replaced by a barium fluoride crystal for XPW generation.
5.1 Design Overview and Paraxial Design
In order to be able to re-image the beam, the cavity will be a 4f relay imaging system
that passes the beam through itself multiple times. A 4f system consists of a lens one focal
length away from the object, another identical lens two focal lengths away, and an image
plane one more focal length away. In order to turn a 4f imaging system into a cavity that
can pass the beam through itself multiple times, the lenses are replaced by spherical
mirrors and flat mirrors are added for the beam path between the spherical mirrors. An
input beam will enter and reflect off the first flat mirror and pass through the crystal. It
will reflect off the second flat mirror and hit the first spherical mirror located one focal
length from the crystal. From there it will reflect off three mirrors such that when it
reaches the next spherical mirror the beam will have traveled a distance of two focal
lengths. From there the beam travels to the second flat mirror and back into the crystal
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where it has refocused to the same size and same location it was initially in the crystal. It
can then make more trips through the cavity until hits the pickoff mirror and exits the

































Figure 5.1 Schematic of the cavity with four passes through a crystal with and a schematic
with only the optical components.
The cavity is designed to work for light at 800 nm and the available spherical mirrors
have 500 mm focal lengths. For XPW to occur, the beam should be focused at the crystal.
For the cavity to act as a stable resonator, the focused beam should have a Rayleigh range
of 500 mm to match the focal length of the spherical mirrors. From Equation 5.1 the





zR is the desired Rayleigh range, which is 500 mm, ω0 is the waist size at focus, and λ is
the wavelength, which is 800 nm in this system. Solving for ω0 yields a waist size of 357
µm. From there the initial size of the output from the laser and Equation 5.2 can be used







Here, ωf is the desired beam radius of 357 µm at focus, λ is the wavelength of 800nm, ωi is
the initial 1/e2 beam radius of 2.9 mm, and f is the focal length. Solving gives a focal
length of 4.065 meters, which has been rounded to 4.0 meters for ease of finding optics. In
the lab, there is not enough table space to have a 4 meter focal length lens before this
experiment. Instead a lens combination of two lenses equivalent to a 4 meter lens is used.
Based on available lenses, a 1 meter lens and -200 mm lens were found to have a good













f2 ∗ (d− f1)
d− (f1 + f2)
(5.4)
In the first equation, f is the desired focal length, 4 meters, f1 is the first lens’s focal
length, 1 meter, f2 is the second lens’s focal length, -200 mm, and d is the separation
distance between the lenses which came out to be 850 mm. The second equation is for the
back focal length (BFL) where all the other variables are the same, and the back focal
length gives the distance from the second lens to the focus. The back focal length for this
lens combination is 600 mm. Using this information, a paraxial design for the input lens
can be developed in OpticStudio. Using the Lens Design Editor (LDE) in Figure 5.2 in
OpticStudio with an entrance pupil diameter of 5.8 mm and wavelength of 800 nm, it is
shown this lens design does indeed give an effective focal length of 4 meters. Looking at the
paraxial Gaussian beam data in Figure 5.3 confirms that this lens combination focuses
correctly to the right BFL and gives close to the specified beam waist at the focus. The
focal spot radius is given at the third surface, the image surface, in the Gaussian beam
data. The waist size is 351.238 µm. This is slightly different than the 357 µm specified
earlier as the desired focal spot radius. This small difference is due to using a rounded 4.0
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Figure 5.2 LDE for the combination of paraxial lenses of f=1000 mm and f=-200 mm for
an effective focal length of 4000 mm with an EPD of 5.8 mm.
Figure 5.3 Paraxial Gaussian beam data for the paraxial lens combination. At the focus
(Image surface), the beam radius is 351.238 µm.
meter target focal length instead of the exact 4.065 meter focal length, and can be
corrected later on. In order to further set up the design of the cavity, the output of the lens
combination will be sent through two 4f imaging systems to simulate passing through the
cavity two times. The paraxial imaging systems will use paraxial lenses with 500 mm focal
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lengths instead of curved mirrors with 500 mm focal lengths for ease of simulation. The
LDE used for this simulation is given below in Figure 5.4. Looking at the paraxial
Gaussian beam data in Figure 5.5 generated from this LDE, we can confirm that the lens
combination performs as expected in two 4f imaging systems, analogous to two passes of
the cavity, and that design of real lenses and a real cavity can begin.
Figure 5.4 LDE for imaging the focus of the paraxial lens combination through two
simulated passes of the cavity.
Figure 5.5 Paraxial Gaussian beam data for the focus of the lens combination being passed
through two 4f imaging systems, similar to two passes through the cavity. The size is the
same at surfaces 3, 6, and 9 (Image surface) where the crystal will be.
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5.2 OpticStudio Design
To use OpticStudio to more closely simulate the real setup in the lab, a few steps are
needed. First, the paraxial lenses need to be replaced with real lenses. Then a one pass
model of the cavity will be constructed in the sequential mode. Using the one pass
sequential mode model as a starting point, a non-sequential model can be constructed that
will model the subsequent passes through the crystal. Lastly, the real lenses designed in
OpticStudio will be replaced with lens designs from stock lenses commercially available
that are similar to what was actually used in the experimental setup in lab.
5.2.1 Real Lenses and Sequential Setup
Paraxial lenses are not realistic, so real lens singlets will be designed to replace the
paraxial input lenses. The lenses will be made of BK7 glass and have a thickness of 2 mm.
Finding the radii of curvature is done using the following equations.









Above, φ is the lens power, n is the refractive index of BK7 at 800 nm which is 1.5108[15],
C is the curvature, f is the focal length of the lens, and R is the radius of curvature of the
lens. Lens 1 with a focal length of 1000 mm gives a curvature C of 9.788*10−4mm−1 and
radius of 1021.6 mm. Lens 2 with a focal length of -200 mm gives a curvature C of -.004894
mm−1 and radius of -204.32 mm. Each lens was optimized independently in OpticStudio
using the respective radius listed above for the first surface with thickness of 2 mm of BK7
and pickup on the second surface with a magnification of -1 so that the second surface is
equal in magnitude but has the opposite sign. The OpticStudio optimization gave radii of
± 1021.214 mm for the 1000 mm focal length lens and ∓ 207.750 for the -200 mm focal
length lens. The lenses were then put into the same OpticStudio file with a variable space
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between them starting at 850mm, and a marginal ray solve after the second lens to solve
for the back focal length. The system is then optimized using the variable separation
distance between the lenses to a target effective focal length. For an effective focal length
of 4000 mm, a separation distance of 846.4 mm is needed which gives a back focal length of
608.449 mm. These match pretty closely with the paraxial predictions of a separation of
850 mm and a back focal length of 600 mm. However, looking at the paraxial Gaussian
beam data shows that the spot size radius at focus is 351.238 µm, which is a bit small due
to using the rounded 4 meter focal length as a target. By slightly adjusting the target focal
length, a spot size closer to the desired 357 µm spot size radius can be achieved. Using the
same lenses and variable, but a target effective focal length of 4070 mm, gives a beam waist
of 357.3 µm at the focus which is almost exactly the same as the desired size. This results
in a new separation distance of 845.527 mm between the lenses and a back focal length of
622.661 mm. The LDE and paraxial Gaussian beam data detailing the final setup used
that result in the more accurate beam size are shown in Figure 5.6 and Figure 5.7.
Figure 5.6 LDE for the real lens combination that results in an effective focal length of
4070 mm.
After switching to real lenses instead of paraxial lenses, the focus is passed through a
few simulated passes of the cavity using real lenses instead of curved mirrors to confirm 4f
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Figure 5.7 Gaussian beam data for the real lens combination. At the focus (Image surface),
the beam radius is 357.385 µm.
imaging to the same size. The lenses designed for the simulated cavity were equi-convex, 2
mm thick BK7 lenses optimized to a focal length of 500 mm with a back focal length of
499.338 mm, and are shown in Figure 5.8 along with the lens combination to setup the two
pass simulation. Figure 5.9 shows the paraxial Gaussian beam data and confirms that the
beam is properly re-imaged to the same size in the crystal each pass of the simulated
cavity. Surface 5 is where the real lens combination correctly focuses the beam to 357.3µm.
Surface 10 is the beam after it has passed once through a real lens 4f imaging system like
one pass through the cavity. At surface 10 the beam size is again 357.3 µm, and the same
is true after another pass through at surface 15. This shows that the input from this lens
combination should get re-imaged to the same size in the crystal after each pass through
the cavity.
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Figure 5.8 LDE for imaging the focus of the real lens combination through two simulated
passes of the cavity.
Figure 5.9 Paraxial Gaussian beam data for the focus of the real lens combination being
passed through two 4f imaging systems, to simulate two passes of the cavity. The size is
the desired 357.3 µm at surfaces 5, 10, and 15 (Image surface) where the crystal will be.
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5.2.2 Non-Sequential Cavity
For the actual cavity, curved spherical mirrors will be used instead of lenses so that the
beam can propagate through the cavity properly. Using curved mirrors also has the
advantages of having less aberrations than a glass lens and a back focal length of exactly
its focal length. That means that distances between main components in the imaging
system part of the cavity will be exactly 500 mm or 1000 mm for a 500 mm focal length
mirror. The radius of curvature of a spherical mirror is what determines the focal length of
mirror and is needed for input into OpticStudio to create the spherical mirrors. The focal
length of a spherical mirror is half of the radius of curvature, so for a 500 mm focal length
mirror the radius of curvature is 1000 mm. With the orientation of mirrors that is
implemented in this design, a radius of curvature of -1000 mm will be used. In addition,
the initial design of the cavity had a singlet with a 4 meter focal length used instead of the
lens combination of the 1 meter and -200 mm focal length lenses to help make initial setup
and alignment a bit easier. This lens was designed and optimized in OpticStudio using the
normal methods, and is replaced later with the lens combination designed previously. For
the initial setup of the cavity, it is input into OpticStudio in a purely sequential mode with
only the input and one pass through the cavity. The pure sequential LDE outlining this is
shown below in Figure 5.10. The focus of the lens is at the crystal, so the distance from the
lens to the first flat mirror is the back focal length minus 100 mm since the first flat mirror
is 100 mm away from the center of the crystal. And since the crystal is 1 mm thick, the
distance from the flat mirror to the crystal is 99.5 mm, and the distance on the other side
from the crystal to the second flat mirror is also 99.5 mm. This gives a distance from the
crystal center to the flat mirror behind it and in front of it 100 mm. From the second flat
mirror to the first spherical mirror the beam travels 400 mm. Together, this gives a
distance of 500 mm and is the first part of the 4f imaging system. From the first spherical
mirror to the second spherical mirror is 1000 mm, which is the second part of the 4f
imaging system. However for this part to fit in the cavity, it must reflect off three
35
Figure 5.10 LDE used to setup one pass sequentially through the cavity.
additional smaller mirrors in between the two spherical mirrors. These mirrors are also
lower so that the beams can pass over them and travel between the larger flat mirrors and
the spherical mirrors. This results in four sections of beam path travel between mirrors
with distances of 350 mm, 110 mm, 220 mm, and 320 mm which adds up to a total
distance of 1000 mm between the two spherical mirrors for the second part of the 4f
imaging system. From the second spherical mirror the beam travels 400 mm back to the
first flat mirror. From there it can travel another 100 mm to the crystal for a total of 500
mm, which is the last part of the 4f imaging system and another pass through the crystal.
Layouts from OpticStudio are provided in Figure 5.11 and Figure 5.12 to illustrate the
beam path taken for one trip back to the first large flat mirror. The first pass ends on the
first large flat mirror and since it has already been used, this is the best place for the
non-sequential part of OpticStudio to take over. The input lens does not need to be
converted, so Surfaces 4-25 from the sequential LDE are converted into a non-sequential
component. This results in the new LDE in Figure 5.13, to which a pickoff mirror and
another turning mirror are added (in sequential mode) to allow the beam to exit the cavity.
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Figure 5.11 Top view of one pass sequentially through the cavity.
Figure 5.12 Side view of one pass to highlight the height difference in mirrors.
Figure 5.13 New LDE with the non-sequential component for surfaces in the cavity.
Surfaces 4-25 from the original sequential LDE have been converted into objects in the
non-sequential component editor (NSCE) in Figure 5.14. In the NSCE the mirror positions
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and tilts can be adjusted to direct the beam like in a real lab and position the beam to
pass through the cavity multiple times. The NSCE has had the mirror positions and tilts
Figure 5.14 The new NSCE where surfaces 4-25 from the original LDE have been converted
into non-sequential objects.
adjusted so that the beam has a total of five passes through the crystal. One from the
initial input focusing into the crystal, and then four more from passes propagating through
the cavity. The four extra passes from the cavity re-imaging the beam are clearly visible in
the cavity in Figure 5.15. A zoomed in view of the crystal in Figure 5.16 also shows that
the beams from each pass overlap very well in the crystal, which is what is wanted. The
number of rays has been reduced to one in these layouts, so each ray is a pass through the
cavity.
Since a working cavity that is aligned well has been created, it is relatively simple to
take out the simplified 4 meter lens that was being used and insert the lens designed earlier
with the 4070 mm focal length that focuses to the correct spot size radius of 357.3 µm.
The new LDE with the lens replacement is shown in Figure 5.17, and the new NSCE with
the new setup is shown in Figure 5.18. The alignment of the cavity mirrors did not need to
change at all so the NSCE is the same as before, since there was not that big enough of a
difference in cavity performance other than the focal spot size to warrant a realignment.
Because of this the cavity is nearly identical to when the old lens was in. Figure 5.19 shows
the cavity has five passes through the crystal and good beam placement, and Figure 5.20
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Figure 5.15 Top view of the setup showing the initial pass through the crystal and the four
more passes through it from the cavity.
Figure 5.16 Close up view of the crystal showing that all the beams from the different
passes overlap well in the crystal and that there are five beams entering and exiting the
crystal.
shows good beam overlap in the crystal. The cavity performance is very good, and the
beam size should be on target at the crystal each pass. Confirming this on each pass is
difficult as the normal paraxial Gaussian beam data cannot be generated inside a complex
non-sequential component. The best solution at this time is to use the one pass sequential
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Figure 5.17 New LDE with the new lens combination for a focal spot radius of 357.3 µm
and the non-sequential component for surfaces in the cavity.
Figure 5.18 The new NSCE from the LDE with the new lens combination for a focal spot
radius of 357.3 µm
Figure 5.19 Top view of the setup with the new optimized lens showing five passes through
the crystal.
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Figure 5.20 Close up view of the crystal showing that all five beams still overlap well in the
crystal.
cavity with the new lens combination that should give a focal spot size radius of 357.3 µm
and let the beam propagate past where it was stopped so that it will travel an equivalent
distance to if it had gone to the crystal. Then the beam size can be examined at that
point, and then the cavity should re-image, at least pretty closely to that beam size in the
crystal again. The LDE used for this and the resulting paraxial Gaussian beam data are
given below in Figure 5.21 and Figure 5.22.
The lens combination was designed to give a focal spot size radius of 357.385 µm and
the lens combination focused down to 357.304 µm when used in the actual setup, which is
extremely close and good enough for the purposes of this experiment. The re-imaged beam
size is 357.222 µm, extremely close to the initial beam size. There’s a 0.082 µm difference
in beam size radius, which is 0.023% different. This is a great result which is very
promising for the experiment, and confirms the cavity is working how it is designed to be.
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Figure 5.21 LDE for one pass through the cavity that extends 500 mm after the last
spherical mirror to reach the same distance the beam would travel to reach the crystal.
Note the crystal has been split in half to look at the beam size at the center of the crystal
at surface 9.
Figure 5.22 Paraxial Gaussian data for if the beam had traveled all the way back to the
crystal once. The initial focused beam size radius from the lens combination at the center
of the crystal is at surface 9 with a radius of 357.304 µm. The re-imaged beam is at
Surface 29 (Image Surface) with a beam size radius of 357.222 µm
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5.2.3 Inserting Commercial Lenses
One final step in trying to more closely simulate the setup in the lab is to use stock
commercial optics in the OpticStudio design. Here the lenses in the lens combination from
earlier are replaced with lenses from Thor Labs similar to what is actually in the setup in
the lab. For the 1000 mm focal length lens LA1464-B was used, and for the -200 mm focal
length lens LF1097-B was used. Thor Labs had Zemax files for these lenses available to
download on their website. They were put together in OpticStudio with some separation
and optimized. With a target effective focal length of 4000 mm a focal spot size of 368.5
µm resulted, which is a bit bigger than desired. However, by changing the target focal
length to 3880 mm a spot size radius of 357.58 µm resulted, which is right on specification.
The LDE and paraxial Gaussian beam data for this are shown below in Figure 5.23 and
Figure 5.24.
Figure 5.23 LDE for the stock lens combination that results in an effective focal length of
3880 mm.
This combination of commercial lenses optimized for a 3880 mm focal length and 357.58
µm has a separation distance of 843.095 mm and a back focal length of 578.606 mm.
Substituting this combination of commercial lenses in for the previously designed lens
43
Figure 5.24 Gaussian beam data for the stock lens combination. At the focus (Image
surface), the beam radius is 357.580 µm.
combination still gives a cavity that works very well. The details of the cavity are given in
Figure 5.25, Figure 5.26 ,Figure 5.27,and Figure 5.28.
Figure 5.25 New LDE with the commercial lens combination for a focal spot radius of
357.58 µm and the non-sequential component for surfaces in the cavity.
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Figure 5.26 The NSCE from the LDE with the commercial lens combination for a focal
spot radius of 357.58 µm
Figure 5.27 Top view of the setup with the optimized commercial lenses showing five passes
through the crystal.
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Figure 5.28 Close up view of the crystal showing that all five beams overlap well in the
crystal.
From these figures the commercial optics seem to yield just as good of results, with five
passes in the cavity with little adjustment at all and closely overlapped beams in the
crystal. To confirm good performance, the beam size will also be found going into the
crystal initially and after one pass through the cavity. The LDE setup for this is in
Figure 5.29, and the beam size data is in Figure 5.30.
The design focal spot radius was 357.58 µm, and the initial spot size radius in the
crystal was 357.537 µm which is almost the same. The re-imaged spot size radius is
357.494 µm, which is only 0.043 µm smaller. This is extremely close and is only .012%
different. This also is a very good result, and it is promising that the cavity worked even
better with real commercial optics available in labs, and shows again that the cavity should
work as it was designed to.
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Figure 5.29 LDE for one pass through the cavity that extends 500 mm after the last
spherical mirror to reach the same distance the beam would travel to reach the crystal.
Figure 5.30 Paraxial Gaussian data for if the beam had traveled all the way back to the
crystal once. The initial focused beam size radius from the lens combination at the center
of the crystal is at surface 9 with a radius of 357.537 µm. The re-imaged beam is at
Surface 29 (Image Surface) with a beam size radius of 357.494 µm
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CHAPTER 6
MULTI-PASS CAVITY EXPERIMENTS AND RESULTS
After the simpler experiments discussed in Chapter 4 were performed, experiments with
the multi-pass setup were begun. Constructing and aligning the cavity properly was
challenging and took quite some time. However, a system very similar to the one modeled
in OpticStudio in Chapter 5 was constructed in the lab. An image of the setup in lab is
provided in Figure 6.1.
Figure 6.1 A photo of the multi-pass cavity built in the lab that was used for all of the
multi-pass experiments.
The spherical mirrors are on the black and silver platforms on the near side of the
image. The two flat mirrors are opposite them in the taller mounts. The smaller mirrors
are on the shorter mounts in between the spherical mirrors and the taller flat mirrors. All
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the mirrors used were broadband mirrors designed for light with a center wavelength of 800
nm. A movable pick off mirror was used to adjust the number of passes through the cavity,
and when the beam would exit the cavity. A linear polarizer was placed after the pick off
mirror to isolate the XPW signal to be measured. In addition to the cavity, an imaging
system was set up to monitor the beam in the crystal. A lens was placed behind the first
spherical mirror to collect the light that leaked through. The focal length of the lens was
picked to image the beams in the crystal to a camera. By removing the crystal and placing
an object of a known size (an Allen wrench of known thickness) at the crystal plane, the
magnification of the imaging system could be determined and used to measure the size of
the beam in the crystal. Also, the imaging system was used to precisely overlap the beams
from different passes in the crystal. When the cavity was properly aligned, the
magnification was found to be 1.6. A photo of the imaging system in lab is provided in
Figure 6.2, as well as a diagram showing the multi-pass cavity with the imaging system in
Figure 6.3.
Figure 6.2 A photo of the imaging system added behind one of the cavity mirrors to image
























Figure 6.3 A schematic of the multi-pass cavity with the imaging system behind the first
spherical mirror.
The experiments in the following sections detail XPW generation with this setup for
different numbers of passes through the crystal, different input powers, and different
amounts of dispersion. All of the experiments use an uncoated 2 mm thick holographic
[011] cut BaF2 crystal. An anti-reflective coated crystal was available but was too damaged
to use.
6.1 Initial Experiments
Initially experiments were tried with input powers similar to experiments that had been
done before, around 20-25 mW. Due to losses in the cavity and losses from reflections off of
the uncoated crystal very little XPW conversion was seen, and there was not enough for
output XPW to get good efficiency measurements for each pass through the cavity. Next,
the input power was raised to try to get better efficiencies. At around 71 mW of input
power, low amounts of XPW conversion were seen. The power of the resulting XPW was
measured and compared to the input power to measure efficiency. In these measurements
though, the power lost from reflections off the crystal and lost from passing through the
cavity were not measured. Since those losses were not taken into account and the output
XPW was compared to the overall input, the efficiencies reported are lower than the actual
50
efficiencies. The results from the values that were measured in lab that day are
summarized in Table 6.1.
Table 6.1 XPW power output measurements and efficiencies for each pass
Pass Number XPW Power (mW) Efficiency (relative to 71 mW)
1 2.0-2.25 2.82% - 3.17%
2 2.5 - 2.6 3.52% - 3.66%
3 1.6 2.25%
4 1.7 - 1.8 2.39% - 2.53%
5 1.0 - 1.1 1.41% - 1.55%
The conversion efficiencies found were not good even though cavity losses were not
taken into account, especially with how high of an input power that was used. A few days
later it was found that the angles between the gratings in the laser compressor were not
correct, and spatial chirp was being added to the beam. This is likely the reason for the
low conversion efficiencies seen.
In another early experiment, the power of the XPW was even lower and not able to be
measured accurately for an input power of 68 mW. However, this experiment had enough
XPW output for the spectra to be measured for the output for each pass. It was also found
later that there were more problems with the laser upstream in the stretcher which were
affecting the conversion efficiency and giving too low of XPW powers to be useful. While
the power measurements were not useful, but it was still helpful to examine the spectral
data taken. The XPW spectrum was measured after each pass through the crystal, from
one pass to four passes. The measured spectra are provided below in Figure 6.4
to Figure 6.7. The spectrum from the fundamental wave used for the input is also overlaid
on each plot for reference to see how much broadening occurs in the XPW.
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1/e2  width: 33.399 nm
XPW
1/e2  width: 48.016 nm
Figure 6.4 Fundamental (blue) and XPW (red) spectra from one pass. The XPW spectrum
is 14.617 nm wider.

























1/e2  width: 34.04 nm
XPW
1/e2  width: 39.581 nm
Figure 6.5 Fundamental (blue) and XPW (red) spectra from two passes. The XPW
spectrum is 5.541 nm wider.
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1/e2  width: 36.258 nm
XPW
1/e2  width: 41.323 nm
Figure 6.6 Fundamental (blue) and XPW (red) spectra from three passes. The XPW
spectrum is 5.065 nm wider.

























1/e2  width: 50.95 nm
XPW
1/e2  width: 38.809 nm
Figure 6.7 Fundamental (blue) and XPW (red) spectra from four passes. The XPW
spectrum is 12.141 nm narrower. These spectra were odd in the fact they had somewhat
different shapes than for spectra from fewer passes, and that the XPW was narrower at the
1/e2 level. At lower levels the XPW spectrum was wider though.
The smaller amounts of broadening and even the narrower XPW signal are likely due to
the compressor in the laser system being misaligned and affecting the compression of the
pulse and the dispersion in the passes through the cavity.
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With the compressor and stretcher fixed, XPW experiments were attempted again.
With the laser operating correctly though, it was found that the beam was too intense for
the lenses being used and there was white light generation in the second lens that was
distorting the spectrum and leading to low levels of XPW conversion. The spectrum of the
laser as it was before any lenses is shown in Figure 6.8(a) along with the spectrum from
immediately after the second focusing lens in Figure 6.8(b). The input spectrum was
relatively unchanged until after the second lens. The spectrum out of the laser is Gaussian























Laser Output Spectrum 
(a) Output spectrum from the laser used as
the input for experiments























Spectrum After Second Lens
(b) The spectrum measured immediately after
the second lens
Figure 6.8 The input spectrum directly from the output of the laser (a) is a good Gaussian
spectrum, while the spectrum after the second lens (b) has been heavily distorted and is no
longer Gaussian.
and is a good shape for the experiments. After the second lens, the spectrum is distorted
from what it was originally and is no longer Gaussian nor ideal for experiments. Between
the energies being used, and the first lens in the lens combination focusing the beam the
beam was too intense for the material in the second lens to handle by the time the beam
got there. In order to avoid non linear effects distorting the beam spectrum before the
experiment a new lens setup was needed. To make things simpler and to avoid distortion
by a lens, a single lens was chosen. Due to space constraints and available lenses, a f = 2 m
focal length lens was chosen. For the input beam radius of 2.9 mm, the lens should give a
focal spot with a radius of 175.62 µm according to Equation 5.2. When measured in lab it
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was found to have a radius of 217 µm. When the spectrum was measured before and after
the lens, it was found to greatly reduce the distortion of the lens as shown in Figure 6.9.
While the spectrum after the lens is not identical to before the lens it is still very similar
and is still a Gaussian which is good for the experiments. Using this lens and an input
power of 50 mW, efficiencies of about 2-2.5% were achieved for one and two passes. At
three passes, the efficiency dropped to about 1.5%. These efficiencies are better than seen
before, but still not very good.























Input Spectrum - Before New Lens
(a) The spectrum measured before the new
lens.























Input Spectrum - After New Lens
(b) The spectrum measured after the sec-
ond lens.
Figure 6.9 The spectra measured before the new lens (a), and after the new lens (b). The
spectrum after the lens is very similar to before, and it is Gaussian and good enough for the
experiments.
Another experiment with the system better optimized yielded better results. The input
beam radius in the crystal the day of this experiment was 275.719 µm. An input power of
50 mW, which equates to an input energy of 50 µJ , was used in this experiment. Also in
this experiment, the loss from the reflections off the uncoated crystal and loss from the
cavity are accounted for. From this, the efficiency of the cavity can be found as well as the
loss percentage from pass to pass. For this, a polarizer that was zeroed to horizontally
polarized light was placed in the beam path after the pickoff mirror. The power was
measured before and after the polarizer to give the total output power and vertically
polarised XPW power respectively. The efficiency of the XPW conversion was then
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calculated as the ratio of XPW power to the total output power per pass and turned into a
percentage. This method was used to collect all the following data in this chapter. The
first part of the results to be discussed are given in Table 6.2, and the accompanying
spectra are given in Figure 6.10 to Figure 6.12. Only results from the first three passes are
given as the third pass warrants further discussion. The pass to pass loss is calculated by
taking the difference in power between two passes and taking the ratio of the second pass
to the previous pass. For the first pass, the loss was calculated by comparing the power
after one pass to the input power. This yields the percentage of energy lost for the first
pass relative to the input power into the cavity.
Table 6.2 XPW power output measurements and efficiencies for the first three passes
Pass Number Total Power Out (mW) Pass Loss XPW Power (mW) Efficiency
1 42.7 14.6% 1.7 - 1.8 3.98 - 4.22%
2 35.7 16.4% 1.35 3.78%
3 28.7 19.6% 1.2 - 1.3 4.18 - 4.53%

























1/e2  width: 42.361 nm
XPW
1/e2  width: 71.416 nm
Figure 6.10 Fundamental (blue) and XPW (red) spectra from one pass. The XPW
spectrum is 29.055 nm wider.
These results were very promising. The efficiencies, while still not great, were the best
seen up to this point. Even more significant was the large amounts of spectral broadening
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1/e2  width: 42.69 nm
XPW
1/e2  width: 90.328 nm
Figure 6.11 Fundamental (blue) and XPW (red) spectra from two passes. The XPW
spectrum is 47.638 nm wider.

























1/e2  width: 42.677 nm
XPW
1/e2  width: 109.119 nm
Figure 6.12 Fundamental (blue) and XPW (red) spectra from three passes. The XPW
spectrum is 66.442 nm wider.
seen. With one pass, the XPW signal was 1.69 times bigger (or about
√
3 times bigger),
growing from a 1/e2 width of 42.361 nm to 71.416 nm. For two passes the spectrum grew
from 42.69 nm to 90.328 nm, 2.11 times bigger. Three passes increased the spectrum 1/e2
width from 42.677 nm to 109.119 nm, 2.55 times bigger. The first and second pass spectra
had shapes that looked good, roughly Gaussian or super-Gaussian, but the spectrum after
the third pass was odd. There was a large dip in the middle of the spectrum. It was noted
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that by slightly rotating the crystal near this point the dip in the spectrum shifted, and the
relative sizes of the peaks on either side of the dip also changed. Spectra from different
crystal rotation positions are given in Figure 6.13. The first position is the same position
as where the spectrum was initially measured.



























Figure 6.13 Spectra taken from different rotation angles of the crysal. The first position
here is the same as the position from the initial spectrum taken for three passes in the
crystal.
To check if this spectral feature was correct or if it was maybe due to a scratched or
damaged crystal, the crystal was replaced with a second 2 mm thick holographic cut BaF2
crystal. The spectrum was again measured at the rotation that gave the highest XPW
power output, and is given in Figure 6.14. While this spectrum had a cleaner shape
without any major dips it was not as wide, only having a 1/e2 width of 71.831 nm. It
should also be noted that the spectrum like the one seen previously with the dip was also
seen in this new crystal at a rotation angle for a smaller maximum in XPW output. The
spectrum there had a larger 1/e2 width of 92.715 nm.
XPW generation was then tried for the remaining fourth and fifth pass through the
cavity. Both of these passes gave around 4% conversion efficiency and large spectra. These
spectra both had dips though, and are shown in Figure 6.15 and Figure 6.16. The XPW
spectrum is 2.37 times bigger for four passes, and 2.39 times bigger for five passes. The
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3 Pass Spectrum: New Crystal
XPW
1/e2  width: 71.831 nm
Figure 6.14 Spectrum taken for three passes in the new identical crystal. This spectrum
has a better shape, but is narrower than before.
results for the powers and efficiencies of the XPW are also given in Table 6.3.
Table 6.3 XPW power output measurements and efficiencies for the last two passes
Pass Number Total Power Out (mW) Pass Loss XPW Power (mW) Efficiency
4 25.0 12.9% 1.0 - 1.1 4.0 - 4.4%
5 21 - 21.5 14 - 16% .86 4.0 - 4.1%

























1/e2  width: 42.361 nm
XPW
1/e2  width: 100.407 nm
Figure 6.15 Fundamental (blue) and XPW (red) spectra from four passes. The XPW
spectrum is 58.046 nm wider.
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1/e2  width: 42.677 nm
XPW
1/e2  width: 102.233 nm
Figure 6.16 Fundamental (blue) and XPW (red) spectra from five passes. The XPW
spectrum is 59.556 nm wider.
One more experiment was conducted with similar setup conditions. This experiment
had the advantage of being conducted right after some maintenance on the laser system in
the regenerative amplifier, so the beam was very good that day and led to good results.
The beam radius in the crystal was 262.828 µm, and an input power of 60 mW was used.
The efficiencies were higher than previously achieved, and the spectra were of good quality.
The powers and efficiencies recorded are given in Table 6.4. The spectra recorded are given
in Figure 6.17 to Figure 6.21. In general, adding more passes increased the width of the
XPW spectrum. The exception was the four pass XPW spectrum being narrower than the
three pass XPW spectrum. Though for four passes a wider spectrum that was also wider
than the three pass XPW spectrum was found, though it was not at the crystal rotation
that gave the highest conversion of XPW according to power measurements. This is an
important result. It suggests that adding more passes through the crystal will significantly
increase the width of the XPW spectrum which will lead to even shorter pulses. There are
a few drawbacks though. XPW conversion efficiency is still relatively low, which could
prevent practical applications of XPW generation. Also, the XPW spectrum is not
Gaussian after higher numbers of passes. The lower conversion efficiencies could be due to
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the high amounts of loss in the cavity from pass to pass (noted in the tables and ranging
from about 10% - 20% loss from one pass to the next ) resulting from using an uncoated
crystal. These losses lead to lower powers available for XPW after multiple passes which
could be hindering the conversion process.
Table 6.4 XPW power output measurements and efficiencies for each pass
Pass Number Total Power Out (mW) Pass Loss XPW Power (mW) Efficiency
1 50.0 16.66% 3.6 7.2%
2 41 18% 3.4 - 3.5 8.29 - 8.54%
3 31.5 23.12% 2.9 - 3.0 9.21 - 9.52%
4 26.7 15.23% 2.5 9.36%
5 25.0 - 25.7 3.74 - 6.37% 2.35 9.14 - 9.40%

























1/e2  width: 40.815 nm
XPW
1/e2  width: 75.736 nm
Figure 6.17 Fundamental (blue) and XPW (red) spectra from one pass with a 60 mW
input. The XPW spectrum is 34.921 nm wider.
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1/e2  width: 40.821 nm
XPW
1/e2  width: 94.881 nm
Figure 6.18 Fundamental (blue) and XPW (red) spectra from two passes with a 60 mW
input. The XPW spectrum is 54.060 nm wider.

























1/e2  width: 40.499 nm
XPW
1/e2  width: 103.657 nm
Figure 6.19 Fundamental (blue) and XPW (red) spectra from three passes with a 60 mW
input. The XPW spectrum is 63.158 nm wider.
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1/e2  width: 40.499 nm
XPW
1/e2  width: 99.044 nm
Figure 6.20 Fundamental (blue) and XPW (red) spectra from four passes with a 60 mW
input. The XPW spectrum is 58.545 nm wider.

























1/e2  width: 40.499 nm
XPW
1/e2  width: 113.09 nm
Figure 6.21 Fundamental (blue) and XPW (red) spectra from five passes with a 60 mW
input. The XPW spectrum is 72.591 nm wider, though the same fundamental spectrum as
four passes is used.
The results obtained in the last experiment of this section were the best obtained at
lower energies between 50 mW and 60 mW. To further investigate the XPW generation
process, different experiments were performed. The next experiment tested how the XPW
generation would change at different powers.
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6.2 Different Power Experiments
The experiment discussed in this section was designed to accomplish two main things.
It was designed to look at how XPW efficiencies change at different powers, and how the
FW and XPW beams change spatially from pass to pass, and at different powers. To
accomplish this, the pickoff mirror was placed such that the beam exited the cavity after
four passes through the crystal. The mirror was kept in the same place, and the XPW was
observed at different input powers of 50 mW, 60 mW, 75 mW, and 85 mW for the same
number of passes. Since the beam was picked off after four passes, the first three passes hit
the first spherical mirror and their leakage was used to image the first three passes in the
crystal. By having the beams spread out a bit in the crystal instead of overlapped, the
spatial changes in the beam from pass to pass could be tracked using the imaging system.
By placing a polarizer in a rotation mount in front of the camera, either the fundamental
or XPW beams could be selected to look at. A table with the different powers and
efficiencies is given in Table 6.5. The input beam used had a 1/e2 radius of 343.155 µm.
Table 6.5 XPW power output measurements and efficiencies with four passes for different
input powers.
Input Power (mW) Total Power Out(mW) XPW power(mW) Efficiency
50 23.7 1.05 4.43%
60 27.2 2.0 7.35%
75 33.1 3.8 11.48%
85 36.0 4.8 13.33%
As the input power increased, the conversion efficiency increased drastically. The
efficiency at 85 mW is three times higher than it is at 50 mW, and was the highest seen in
the multi-pass setup up to this point. These results show a clear trend that the higher
powers and intensities are more efficient at XPW generation. This is due to having a
higher intensity and larger B-integral for higher powers. This trend is also supported by
the spectral data taken. The spectra measured when using higher input powers were wider
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than those at lower powers. This is shown in Figure 6.22. The wider XPW spectra also
mean that there is better XPW generation occurring, and will also result in shorter pulses.




























Figure 6.22 XPW spectra taken for different powers. The resulting 1/e2 widths were
100.628 nm for 50 mW, 104.217 nm for 60 mW, 110.019 nm for 75 mW, and 112.604 nm
for 85 mW
Looking at the spatial aspects of the conversion process in the multi-pass setup is very
promising also. The beam sizes of both the FW and XPW were measured in the crystal for
the four different powers tested. The spatial modes were also measured by taking a line out
on the camera of all the beams spread out in the crystal, again for the FW and XPW at
different powers. These lines outs are in Figure 6.23 to Figure 6.26.
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(a) Fundamental Wave (b) Cross Polarized Wave
Figure 6.23 The line outs for the beams at 50 mW. The three FW beams (a) had 1/e2 radii
of 233.754 µm, 233.754 µm, and 216.597 µm. The three XPW beams (b) had 1/e2 radii of
154.601 µm, 142.555 µm, and 156.609 µm.
(a) Fundamental Wave (b) Cross Polarized Wave
Figure 6.24 The line outs for the beams at 60 mW. The three FW beams (a) had 1/e2 radii
of 190.722 µm, 186.621 µm, and 131.25 µm. The three XPW beams (b) had 1/e2 radii of
127.031 µm, 122.797 µm, and 122.797 µm.
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(a) Fundamental Wave (b) Cross Polarized Wave
Figure 6.25 The line outs for the beams at 75 mW. The three FW beams (a) had 1/e2 radii
of 205.551 µm, 205.551 µm, and 170.953 µm. The three XPW beams (b) had 1/e2 radii of
103.547 µm, 114.375 µm, and 96.937 µm.
(a) Fundamental Wave (b) Cross Polarized Wave
Figure 6.26 The line outs for the beams at 85 mW. The three FW beams (a) had 1/e2 radii
of 173.594 µm, 181.484 µm, and 153.867 µm. The three XPW beams (b) had 1/e2 radii of
119.383 µm, 123.430 µm, and 119.383 µm.
In all cases, the XPW beam for each pass has a spatially smaller and cleaner more
Gaussian shape. Some of the FW beams also start to change to a flat top shape that is
indicative of the high power portions of the beam being converted into XPW. The XPW
beam shapes were measured at the crystal in the near field and were all good Gaussian
profiles, so in the far field they should still have good Gaussian shapes[3]. This proves that
the multi-pass setup could be a viable way of producing high quality pulses that are
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shorter in time due to the large spectral broadening observed, and smaller and cleaner in
space as observed here. The problem at this point is that the multi-pass setup has not
demonstrated conversion efficiencies better than other methods.
6.3 High Power Experiments
When testing the multi-pass setup with higher powers during the experiment in last
section it was noted that with four passes at 85 mW of input power the XPW conversion
efficiency was the highest seen in any multi-pass experiments. Since the conversion did so
well at higher powers in that experiment, all passes were tested using a higher input power
of 85 mW with the same input beam radius as before of 343.155 µm. In this experiment,
the beams were also overlapped in the crystal instead of spread out. Using a high input
power gave very good conversion results, as shown in Table 6.6.
Table 6.6 XPW power output measurements and efficiencies for each pass with 85 mW
input power
Pass Number Total Power Out (mW) Pass Loss XPW Power (mW) Efficiency
1 67.3 20.82% 11 16.34%
2 55.5 17.53% 10.1 18.20%
3 41 26.13% 6.8 16.58%
4 36.5 10.98% 5.5 15.07%
5 29 20.55% 3.9 13.45%
The conversion efficiencies seen here are very good for this setup especially considering
the crystal being used is not AR coated and there is significant loss in the cavity, over 20%
loss on some passes. The highest conversion efficiency or 18.20% is seen at two passes, and
is about as good as what was achieved with a double crystal setup. After two passes, it
seems the loss in the cavity is too much for the XPW generation to overcome. The XPW
spectra also show that the XPW generation works best at these higher powers. It also
seems that overlapping the beams in the crystal yields higher conversion efficiencies than
having the beams spread out. The spectra seen in Figure 6.27 to Figure 6.31 are extremely
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broad, reaching up to a 1/e2 width of 125.834 nm after five passes. The spectra also show
the trend of broadening as more passes are made through the crystal.























1 Pass Spectrums at 85 mW
FW
1/e2  width: 40.517 nm
XPW
1/e2  width: 92.191 nm
Figure 6.27 Fundamental (blue) and XPW (red) spectra from one pass with a 85 mW
input. The XPW spectrum is 92.191 nm.























2 Pass Spectrums at 85 mW
FW
1/e2  width: 41.155 nm
XPW
1/e2  width: 115.173 nm
Figure 6.28 Fundamental (blue) and XPW (red) spectra from two passes with a 85 mW
input. The XPW spectrum is 115.173 nm.
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3 Pass Spectrums at 85 mW
FW
1/e2  width: 41.471 nm
XPW
1/e2  width: 120.97 nm
Figure 6.29 Fundamental (blue) and XPW (red) spectra from three passes with a 85 mW
input. The XPW spectrum is 120.970 nm.























4 Pass Spectrums at 85 mW
FW
1/e2  width: 41.471 nm
XPW
1/e2  width: 121.555 nm
Figure 6.30 Fundamental (blue) and XPW (red) spectra from four passes with a 85 mW
input. The XPW spectrum is 121.555 nm.
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5 Pass Spectrums at 85 mW
FW
1/e2  width: 41.155 nm
XPW
1/e2  width: 125.834 nm
Figure 6.31 Fundamental (blue) and XPW (red) spectra from five passes with a 85 mW
input. The XPW spectrum is 125.834 nm.
6.4 Chirped Mirror Experiments
To see how changing the dispersion would affect XPW generation, one of the flat
mirrors in the cavity was replaced with a chirped mirror. Specifically, it was the mirror
after the first spherical mirror that was replaced. Windows were also added to the beam
path in the cavity to further control the dispersion. The spectra were measured with a
different number of windows, ranging from zero to four windows, in the beam path for two
passes and three passes. The windows were each 1 mm thick. The beam size was 302.901
µm, and an input power of 60 mW was used. The results from the two pass experiment are
given in Table 6.7, and the three pass experiment results are in Table 6.8.
For the two pass experiment, the most of the XPW spectra are larger than seen in the
high power experiment. The spectra from different numbers of windows in the beam path
are shown in Figure 6.32 for two passes through the crystal. This suggests that
compensating for the dispersion in the crystal and cavity can greatly aid in improving
XPW generation. Using the chirped mirror and only one window the XPW spectrum 1/e2
width is at a maximum of 142.718 nm. With more windows the spectrum was wider than
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Table 6.7 Results from adding a chirped mirror and windows for two passes. The total
ouput power from the cavity was 39.5 mW.
Number of Windows XPW Power (mW) Efficiency XPW 1/e2 Width
0 3.3 - 3.6 8.35 - 9.11% 121.421
1 3.6 - 3.8 9.11 - 9.62% 142.718
2 3.7 - 4.0 9.36 - 10.13 % 133.239
3 3.7 - 3.9 9.36 - 9.87% 130.023
4 3.5 - 3.8 8.8 - 9.6% 126.931
Table 6.8 Results from adding a chirped mirror and windows for three passes. The total
ouput power from the cavity was about 31 mW.
Number of Windows XPW Power (mW) Efficiency XPW 1/e2 Width
0 3.25 - 3.4 10.5 - 11% 136.845
1 2.9 - 3.1 9.35 - 10% 141.792
2 2.9 - 3.1 9.35 - 10% 143.048
3 2.7 - 2.8 8.7 - 9% 144.948
4 2.5 8% 139.601
seen before, but not as wide as with one window. The efficiency is similar to efficiencies
achieved from other experiments at similar powers.





























Figure 6.32 XPW spectra measured using a chirped mirror with 0, 1, 2, 3, and 4 windows
in the beam path for two passes through the crystal.
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For three passes with the chirped mirror, efficiencies were a bit higher that what was
seen before at similar powers. The spectra with the chirped mirror and windows after three
passes, shown in Figure 6.33 were much larger than seen previously. They were also larger
than the spectra from two passes with the chirped mirror and windows. The largest
spectrum was achieved with three windows, and had 1/e2 width of 144.948 nm.





























Figure 6.33 XPW spectra measured using a chirped mirror with 0, 1, 2, 3, and 4 windows
in the beam path for three passes through the crystal.
6.5 Discussion and Suggestions for Future Work
The multi-pass relay imaging cavity has been shown to be a promising method for
XPW generation, especially for low peak power pulses. With more passes the spectral
broadening in XPW is seen to increase substantially from pass to pass. The large amounts
of spectral broadening indicate that the pulses will also be shorter in time, especially if
recompressed after the ring. The cavity was shown to produce high quality Gaussian
modes because of the relay imaging, leading to spatially smaller and cleaner pulses being
generated. The addition of a chirped mirror (and windows or some other method to fine
tune the dispersion) in this cavity geometry is a novel and promising method for the
production of shorter cleaner pulses.
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There are several opportunities for improving on this work. There was only time to test
the chirped mirror at lower powers, where the efficiency of XPW conversion is not as high.
Performing that experiment at higher power could lead to higher conversion efficiencies of
XPW with the large spectra seen from using the chirped mirror and windows. Another
change that would likely have the largest affect on performance would be to use an
anti-reflection (AR) coated crystal. An AR coated crystal was not available for our
experiments, and was a severe limitation. Every time the beam passed through the crystal
there were reflections off of the crystal faces causing significant loss. The accumulation of
too much loss on later passes is likely why our highest conversion efficiencies were achieved
on the second pass. Using an AR coated crystal would eliminate these large losses and
could lead to constant conversion efficiencies from pass to pass, or maybe even an increase
in efficiency on later passes. To give an idea of how much the losses would be minimized,
results from cavity loss measurements with no crystal are given in Table 6.9. While an AR
coated crystal would still have a small amount of loss due to reflections, it would be much
less than seen with the uncoated crystals and would likely be closer to the losses seen in the
cavity without a crystal. The measurements given here were taken using an input power of
23 mW. Considering there are seven mirrors per round trip, a 6% loss per round trip would
Table 6.9 Results from measuring the loss per pass in the cavity with no crystal.






correspond to 0.9% loss per reflection, which is typical of high-power dielectric-coated
mirrors. We would expect the loss on each round trip to be identical, so the variation from
pass to pass is likely due to localized scatter from the mirrors or clipping of the beam. The
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very low loss on the first pass is due to the first pass being picked off before it reflects off
all seven mirrors in the cavity. The losses seen without a crystal in the cavity are much
lower than the losses seen with the uncoated crystal that range from about 11% loss per
pass to over 25% loss per pass. Using an AR coated crystal would give loss per pass levels
closer to the loss in the cavity without a crystal, maybe around 10% or less. This would
allow more energy in the fundamental and XPW beams to reach the later passes where
more spectral broadening occurs, resulting in shorter pulses with more energy that still
have good mode quality. Another change that could potentially help with the mode quality
is changing the path length of the cavity. When we changed the cavity length it had no
noticeable affect on the power and conversion efficiency, but we did not check how it
affected the modes. Changing the cavity length would change how the beam is imaged
back to the crystal, and could be used to fine tune the spatial mode quality. Another area
we were not able to explore due to lower conversion efficiencies with an uncoated crystal is
XPW beam shaping. If saturation can be reached, the XPW beam could be intense enough
to actually undergo XPW again and convert the higher power parts of its Gaussian shape
back to the original polarization. The XPW that is left would take on a flat top shape, like
how the FW takes on a flat shape as more of it is converted to XPW.
75
REFERENCES CITED
[1] Robert W. Boyd. Nonlinear Optics, Third Edition. Academic Press, Inc., Orlando,
FL, 3rd edition, 2008. ISBN 0123694701.
[2] N. Minkovski, S. M. Saltiel, G. I. Petrov, O. Albert, and J. Etchepare. Polarization
rotation induced by cascaded third-order processes. Opt. Lett., 27(22), Nov 2002. URL
http://ol.osa.org/abstract.cfm?URI=ol-27-22-2025.
[3] Marin Iliev. CROSS-POLARIZED WAVE GENERATION (XPW) FOR
ULTRAFAST LASER PULSE CHARACTERIZATION AND INTENSITY
CONTRAST ENHANCEMENT. PhD thesis, Colorado School of Mines, 2014.
[4] Daniel E. Adams, Thomas A. Planchon, Jeff A. Squier, and Charles G. Durfee.
Spatiotemporal dynamics of cross-polarized wave generation. Optics Letters, 35, 04
2010.
[5] A. Jullien, O. Albert, G. Chériaux, and J. Etchepare. Two crystal arrangement to fight
efficiency saturation in cross-polarized wave generation. Optics Express, 14, 04 2006.
[6] Lorenzo Canova, Stoyan Kourtev, Nikolay Minkovski, Aurélie Jullien, Rodrigo
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